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ABSTRACT
In fall, gynoparae and males of the potato aphid, Macrosiphum euphorbiae
(Thomas), migrate from secondary to primary host plants, where mating occurs. Little is
known about courtship behaviour or the factors affecting how males locate host plants
and receptive females. Mating assays were carried out to test the hypothesis that female
age affected mating success. The data obtained did not support my hypothesis but were
used to develop a mating behaviour ethogramme. In wind tunnel bioassays I tested the
hypotheses that (i) the upwind responses of males to odour cues would decrease with
increasing wind speed and (ii) male responses would be greater to primary host plant
volatiles with sex pheromone than to plant volatiles alone. The results obtained supported
both hypotheses. These findings support the idea that host plant volatiles are long
distance cues for males and the female sex pheromone is used once on the host plant.

Key Words: Macrosiphum euphorbiae, host plant volatiles, sex pheromones, wind speed,
males, calling female, oviparae, species isolation
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1.0 General Introduction

1.1 Agricultural crops
Humans initially used the hunter-gatherer lifestyle to forage for food and clothing
(Aitken et al., 1962; Tilman et al., 2002). However, with time they started to keep
animals captive and planted seeds close to home which has led to modem day agriculture
(Aitken et al., 1962).
Today's agriculture provides food, clothing and industrial needs to more than 6
billion people worldwide (Aitken et al., 1962; Tilman et al., 2002), and is also a large
source of revenue (FAOSTAT, 2008). Approximately 150 plants species have been
extensively cultivated, with most food sources coming from about 12 including rye, oats,
com, barley, wheat and rice (Aitken et al., 1962). In order to meet the demands of an
increasing world population, over the past 40 years many natural ecosystems have been
converted to agricultural production (Tilman et al., 2002). This, combined with increased
reliance on high yield varieties, fertilisers, pesticides and irrigation, has resulted in a
doubling of the world cereal production (Tilman et al., 2002).
1.2 Agricultural pests
A significant proportion of modem agriculture relies on monocultures to obtain
higher yields, but this practice of relying on low diversity ecosystems also favours an
increase in the population densities of many pest populations (Matson et al., 1997). Each
year, at least 30% of potential crop yield is lost in the field due to diseases (e.g. fungi,
bacteria, viruses), herbivores (e.g. insects, mites, slugs, snails and rodents) and weeds
(Aitken et al., 1962; Boote et al., 1983; Oerke, 2005). In addition, losses due to abiotic
factors (e.g. temperature and rainfall) (Oerke, 2005), and post harvest losses due to pests
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such as insects and rodents, means that less than 50% of the potential yield is actually
realised (Boote et al., 1983; FAOSTAT, 2008).
Insects can cause huge losses in crop yield and quality, and many catastrophic
attacks have been documented throughout history (Bardner and Fletcher, 1974). Insects
with chewing mouthparts consume plant tissues directly, damaging cells and removing
photosynthetic tissues and organs. This may reduce yield and when severe can
eventually lead to plant death (Bardner and Fletcher, 1974). Insects with sucking
mouthparts do not directly defoliate but insert their mouthparts into tissues rich in sugars
and amino acids (Metcalf and Flint, 1962; Bardner and Fletcher, 1974). At high densities
sucking insects may reduce yield by excess feeding and often cause injury as vectors of
many plant diseases (Barnder and Fletcher, 1974). However, the extent of damage to
crops regardless of the mode of feeding is dependent upon many factors, such as location
and severity of the injury and developmental stage of the plant.
1.3 Pest Control
Clearly, since humans initiated the practice of farming, we have been faced with
the problem of controlling organisms that reduce yields. Early pest control included hand
picking weeds and insects off of plants, and practices such as crop rotation (Oerke, 2005).
However, with time there has been a switch to chemicals as a means of pest control.
Initially, this relied on the use of plant extracts (such as nicotine, pyrethrum), and
concoctions such as Paris Green (a mixture of meta-arsenite and copper acetate) (Rose,
1963). After World War II, a new era of pest control began, with the increased use of
synthetic insecticides, starting with the chlorinated hydrocarbons such as DDT (Oerke,
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2005). Currently, most pests are controlled with pesticides, and worldwide there are
more than 5 billion pounds of pesticides applied to crops annually (Kiely et al., 2004).
There are many problems associated with pesticide use. The early insecticides,
such as DDT, were not only persistent in the environment, they also become concentrated
as they moved up the food chain in a process called biomagnification (Matson et al.,
1997; Senthilkumar et al., 1999). While there has been a shift towards less persistent
compounds, the movement of pesticides out of the agroecosystems frequently results in
contamination of ground and surface water (Matson et al., 1997), causing undesirable
effects on non-target organisms, including human health (Pimentel et al., 1992).
Pesticide applications have considerable negative effects within agroecosystems,
affecting non-target beneficial insects, such as pollinators and the natural enemies of pest
species (Pimentel et al., 1992; Matson et al., 1997). It is clear, that while pesticides may
be the final line of defence, there is considerable public concern about their use (Rimal et
al., 2001) and it is necessary that we develop new methods of control that are socially,
ecologically and economically acceptable.
Nearly 50 years ago Integrated Pest Management (IPM) was proposed as an
alternative to the unilateral approach of insecticidal spraying (Rabb and Guthrie, 1970).
This approach requires a proper understanding of the ecology of the systems to be
managed and relies on combining different control means, with pesticides only being
used as a last resort. IPM programmes may use a combination of (i) cultural techniques,
such as site selection, crop rotation, cultivar and seed selection (Stoddard et al., 2010),
(ii) the use of resistant varieties, including genetically modified ones (Farid et al., 1998;
Stoddard et al., 2010), and (iii) biological control using predators, pathogens and

parasitoids (Corréa-Ferreira and Moscardi, 1996; McGregor et al., 1999). The use of
infochemicals, such as sex pheromones and feeding deterrents is an area that has seen
considerable development in recent years. For example, sex pheromone traps are now
widely used to monitor emergence times (Baker et al., 1980) and evaluate population
numbers (Minks and de Long, 1975) to determine effective management strategies. Sex
pheromone traps are also used for mass trapping (MacLellan, 1976; Teixeira et al., 2010)
and mating disruption (Cardé and Minks, 1995) to directly reduce population densities.
Unfortunately, while many successful IPM programmes have been developed to manage
a number of important pests worldwide, there is still a general tendency at the farm level
to want to only use insecticides, as this approach is less time consuming (Matson et al.,
1997).
1.4 Aphids as pests
Aphids are one of the most significant agricultural and horticultural pests, causing
direct damage when feeding on the phloem sap of plants (Kennedy and Stroyan, 1959).
Plant sap is low in nitrogen so aphids consume large amounts to obtain sufficient
resources and consequently, at high densities, cause premature senescence of the plant
(Dixon, 1973, 1998). While the nitrogen availability for the herbivore increases in
senescent leaves, crop yield is significantly reduced. Aphids also cause indirect damage
as they are the vectors of many plant diseases (Radcliffe and Ragsdale, 2002; Stavrinides
et al., 2009). The development of the disease may result in the host being a better food
source for the aphids, but has a negative effect on plant growth and thus on the
harvestable crop (Dixon, 1973).
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1.5 Life Cycle
Most aphid species have very complex life cycles, switching from asexual
reproduction during the summer to sexual reproduction in the fall (Dixon, 1973). About
90% of aphid species are monecious, that is they exploit only one host plant species
throughout the year. In contrast the remaining species are diecious, alternating between a
woody overwintering (primary host) and summer herbaceous (secondary host) plants
(Figure 1.1, Dixon, 1973, 1998).
Aphids become agricultural pests when they move to the secondary hosts in the
summer. They reproduce asexually by parthenogenesis, which results in rapid population
growth as one generation generally takes less than two weeks to complete, and one
female can produce between 50 and 100 offspring (Metcalf and Flint, 1962; Dixon, 1973).
Furthermore, in response to crowding, alate parthenogenetic females are produced and
they move to new host plants, thus spreading the infestation (Dixon, 1973).
At the end of the summer, in response to decreases in day length, temperature and
host plant quality, aphids in temperate areas switch to sexual reproduction as
parthenogenetic forms are unable to survive the winter conditions (Dixon, 1998).
Androparae (apterous parthenogenetic females) are produced on the secondary host plant,
and these individuals then produce gynoparae (alate parthenogenetic females) followed
by alate males (Figure 1.1). In the case of diecious aphids, the gynoparae and males are
the morphs that migrate from the secondary host to the primary host (Metcalf and Flint,
1962; Dixon, 1973). Once on a suitable overwintering host gynoparae produce oviparae
(apterous sexual females). Upon maturity the oviparae emit a sex pheromone from their
hind tibiae to attract potential mates (Pettersson, 1970; Hardie et al., 1996), and once
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mated produce overwintering eggs. In the spring, eggs hatch and there will be several
generations of asexually reproducing aphids on the primary host but then, in response to
season changes in primary host plant chemistry, alate parthenogenetic females are
produced and they emigrate in search of suitable secondary hosts (Dixon, 1973).

Primary Host

Secondary Host

'Alate females

Summer (parthenogenetic)

Spring (parthenogenetic) /

/

\

Apterous females

4
/

Apterous and alate females

Overwinter eggs (fertilized)
*

Winter

\
Oviparae (sexual females)

Androparae (apterous females)

\
Gynoparae (alate females)
Males (alate individuals)

Fall (sexual reproduction)

Figure 1.1. A schematic representation of the life cycle of a diecious species of aphid

1.6 Migration
Many species of insects migrate in response to predictable or unpredictable
habitat deterioration, moving in search of suitable sites for development and reproduction
(Dingle, 1996). The onset of migratory behaviour may be triggered by abiotic (e.g.
temperature, day length, rainfall) and/or biotic (e.g. suitable host plants, available mates)
factors. Furthermore, the ability to fly at any given time will be influenced by prevailing
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conditions that include ambient temperature, solar radiation, relative humidity, wind
velocity and barometric pressure (Zhang et al., 2008). In insect species where adults are
small and thus considered to be weak fliers, once they take off their movements are
mostly determined by the direction of existing wind currents rather than by oriented and
controlled flight activity (Isaacs et al., 1999; Bonsignore and Bellamy, 2007).
Aphids fall into the category of weak fliers. Their behaviours associated with
take off and landing are active but when in flight their behaviour is passive, as flight
direction is usually determined by prevailing wind conditions (Dixon, 1973). Thus, any
winged morph taking flight may be carried considerable distances on the upper winds so
the probability of locating suitable hosts is quite low. In fact, it has been estimated that
less than 1% of all male aphids successfully migrate from the secondary summer host to
the primary overwintering one (Ward et al., 1998).
1.7 Importance of Host Plants
Host plants are important for phytophagous insects as they provide food and
oviposition sites, and often play an important role in mating (Landolt and Phillips, 1997).
Host plants are not only a site to encounter potential mates, but may provide precursors of
sex pheromones or stimulate the production and emission of these infochemicals (Landolt
and Phillips, 1997). Host plant volatiles have certainly been implicated in the seasonal
migration of aphids, helping the migrating morphs to locate suitable overwintering hosts
(Campbell et al., 1990; Lilley and Hardie, 1996; Losel et al., 1996). They may also play
a very important role in pheromone mediated mating of the egg laying oviparae
(Campbell et al., 1990; Losel et al., 1996; Boo et al., 2000). While the sex pheromones
have not been identified for many aphid species, those that have are often composed of
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the same two components: nepetalactol and nepetalactone in differing ratios (Dawson et
al., 1988; Dawson et al., 1990; Hardie et al., 1990). For example, Macrosiphum
euphorbiae females release a 4:1 ratio of nepetalactol to nepetalactone (Goldansaz et al.,
2004) while that of Schizaphis graminum is 8:1 (Dawson et al., 1988). It has been
proposed that these differences would be sufficient to provide species-specific
communication channels and thus ensure reproductive isolation (Guldemond et al., 1993;
Thieme and Dixon, 1996). However, the ratio of the sex pheromone emitted can change
with female age (Hardie et al., 1990; Goldansaz et al., 2004) and males respond to a
range of ratios, including pheromones released by heterospecific oviparae (Dawson et al.,
1990; Hardie et al., 1990). Thus, it has been proposed that species-specificity is obtained
through the combination of the female sex pheromone and the volatiles from the primary
host plant (Guldemond et al., 1993; Landolt and Phillips, 1997).
1.8 Mating
There have been very few studies that have actually examined the mating
behaviour of aphids but it has been suggested that oviparae colour, species-specific
courtship behaviours and genitalia incompatibility could all provide isolation between
species (Hardie et al., 1990; Steffan, 1990). There is evidence of female choice as not all
courtships result in successful mating, with male courtship behaviours potentially being
the cues females use to determine male quality (Doherty and Hales, 2002).
1.9 My study organism
Macrosiphum euphorbiae, the potato aphid, is native to North America but is now
found almost world-wide (Blackman and Eastop, 2000). It is a diecious species
migrating between a primary host, Rosa spp. (rose) and an array of secondary hosts
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(Metcalf and Flint, 1962; Blackman and Eastop, 2000). The preferred secondary hosts
are in the Solanaceae (e.g. potato species), although it will feed on more than 200 plant
species from more than 20 families (Blackman and Eastop, 2000). The parthenogenetic
apterae (wingless) morphs are usually green in colour, pear-shaped and 1.7-3.6 mm in
size whereas the asexual alatae (winged) morphs are usually a lighter green, and 1.7-3.4
mm in size (Blackman and Eastop, 2000). Both morphs are capable of producing more
than 50 nymphs during their life, although alates have a somewhat lower total fecundity
than their apterous counterparts (Metcalf and Flint, 1962; Hurley, 2009). This species is
a vector of five persistent and over 40 non-persistent viruses (Blackman and Eastop,
2000), and, therefore, can cause huge direct and indirect crop losses.
1.10 Aphid control using infochemicals
Pesticide use results in a number of problems (see above) and many aphid species
are becoming resistant to pesticides (Han et al., 1998; Smirle et al., 2010), so new
methods of control are needed. Aphid infochemicals could have a large potential for
controlling populations and should be further studied.
Aphids release an alarm pheromone when attacked and this may result in
increased movement of individuals in the colony (Griffiths and Pickett, 1980). The
application of the alarm pheromone, beta faranasene, at the same time as pesticides
and/or pathogens results in higher pest mortality; the increased movement caused by the
alarm pheromones results in more individuals coming into contact with the specific
mortality agent (Hockland et al., 1986). It has also been proposed that sex pheromones
could be used to control populations (Hardie et al., 1996; Losel et al., 1996; Boo et al.,
2000), but this may not be effective for all species (Goldansaz et al., 2004). Furthermore,
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sex pheromones may act as kairomones, attracting some natural predators (Koczor et al.,
2010) and parasitoids (Glinwood et a l 1999) and this could be detrimental if
pheromones were used for trapping. However, the direct application of pheromone to the
crop may be a means of attracting more natural enemies into the habitat and thus
controlling aphid populations.
As noted above, there is very little information on the courtship behaviour of
aphids. Therefore, in the first part of my research I examined the courtship of M.
euphorbiae to make a detailed ethogramme of their behaviours. It has been demonstrated
that older female moths produce less titers of pheromone components and are less
attractive to males than younger females (Delisle, 1992; Delisle and Royer, 1994), and
the mating success of older Myzus persicae females was lower than younger individuals
(Doherty and Hales, 2002). Thus, when studying mating behaviour, I tested several age
classes of females so that I could test the hypothesis that mating success of female potato
aphids would decline with an increase in age.
In order to effectively use aphid infochemicals, specifically host plant volatiles
and sex pheromones, more research needs to be conducted as the knowledge we currently
have is very limited. Hurley et al. (submitted) demonstrated that both gynoparae and
males responded more to primary (rose) than to secondary (potato) host plant volatiles
while Goldansaz and McNeil (2006) demonstrated that females could call up to wind
speeds of 4 m/s. However the response of males to different odour sources over a range
of wind speeds has not been examined. Therefore, the objectives for the second part of
my thesis were to determine: (1) how the upwind responsiveness of males changes over a
range of wind speeds, and (2) the upwind response of males to plant volatiles alone and
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when combined with the female sex pheromone over a range of wind speeds. I tested the
hypotheses that (1) the upwind response of males to an odour source would decrease as
wind speed increased, and (2) the decline in upwind male response with increasing wind
speed would be more pronounced when the primary host plant was the only olfactory cue
provided, than when it was combined with the female sex pheromone.
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The effect of female age and calling behaviour on the courtship behaviour of the
potato aphid, Macrosiphum euphorbiae

2.1 Introduction
During the summer months, aphids reproduce parthogenetically and thus can
produce high population densities that result in significant crop losses (Dixon, 1973).
However, in response to decreasing temperature and photoperiodic conditions, as well as
host plant quality, many aphid species switch from an asexual to sexual form of
reproduction (Dixon, 1973). This segment of the seasonal life history, while extremely
important in overwinter survival, has received relatively little attention as it generally
occurs outside agroecosystems.
It has been established that the wingless, egg laying oviparae initiate mating on
the overwintering host plants by emitting a sex pheromone (Pettersson, 1970; Hardie et
al., 1996). For the few species that have been studied in detail, the majority produce sex
pheromones made up of the same two compounds, nepetalactol and nepetalactone,
although there are interspecific differences in the ratio of the two components (Dawson et
al., 1987; Dawson et al., 1988; Dawson et al., 1990). It has been proposed that these
species-specific ratios (Guldemond et al., 1993; Thieme and Dixon, 1996), and specific
temporal windows of pheromone release (Marsh, 1972; Eisenbach and Mittler, 1980),
would serve as effective reproductive isolation mechanisms. However, a number of facts
would suggest this may not be the case. First, the ratio of pheromone blend emitted may
change with female age (Hardie et al., 1990; Goldansaz et al., 2004) and under natural
conditions the calling window may vary considerably depending on the prevailing
weather conditions (Goldansaz and McNeil, 2003). Second, it has been shown that males

18

may respond to quite a wide range of nepetalactol: nepetalactone ratios (Dawson et al.,
1990; Hardie et al., 1990).
There is evidence that the combination of female sex pheromones and volatiles
from the overwintering host plant (which varies with different species) may actually
provide a more reliable chemical cue (Campbell et al., 1990; Guldemond et al., 1993;
Losel et al., 1996), with males using host plant odours at a long distance and the female
pheromone as a proximate cue once he is on the plant (Dawson et al., 1990; Goldansaz et
al., 2004). It has also been suggested that once a male encounters a female, physical
factors (eg. colour, shape and size), auditory signals, male pheromones and speciesspecific courtship behaviours may also play a role in reproductive isolation between
species (Hardie et al., 1990; Steffan, 1990; Goldansaz et al., 2004). However, there have
been very few detailed descriptions of aphid mating behaviour so we know very little
about the behaviours of either sex during courtship.
The potato aphid, Macrosiphum euphorbiae is a host alternating species and has
been used as a model system to gain insight into different aspects of aphid reproductive
biology. Previous studies have examined female calling behaviour (Goldansaz and
McNeil, 2003; 2006), as well as responsiveness of gynoparae and males to host plant
volatiles (Hurley et al., submitted). However, we do not have a detailed description of
courtship behaviour, which is essential background information if we are to investigate
the importance of physical parameters in reproductive isolation, as well as mate choice.
Therefore, in this study I examined the courtship of M. euphorbiae, using different aged
potato aphid females, to develop an ethogramme, as well as to test the hypothesis that
female mating success will decline with age.
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2.2 Materials and Methods
Insects
The Macrosiphum euphorbiae used in this experiment came from a colony
established with individuals collected in potato fields near Quebec City, Canada. The
colonies were maintained on potato seedlings, Solanum tuberosum c.v. Norland, at 21 ±
1°C, 60 ± 10% RH and a 16L: 8D photoperiod to ensure continuous asexual reproduction.
To obtain sexuals, apterous aphids were reared in cages at 18 ± 1 °C, 60 ± 10%
RH under 12L: 12D photoperiod. Gynoparae were collected daily and held in isolated
cages to prevent their offspring, the oviparae, from being exposed to males prior to
testing. Oviparae and males were also collected daily to ensure they were virgins of
known age when paired for mating assays.
Mating behaviour trials
Three classes of oviparae (2-4, 6-8 or 10-12 days old) were prepared as
pheromone ratios have been shown to change over these ages (Goldansaz et al., 2004)
and for each group 20 individual females were tested. All females were observed to
ensure that they had called (raising the hind legs off the plant, the overt behaviour
associated with the release of sex pheromone) at least once, thereby ensuring that they
were sexually mature prior to being used in mating assays. However, some were not
calling when assayed so calling and non-calling females were considered separately. The
female was placed on an individual rose twig in a small cage at 18 ± 1 °C and 60 ± 10%
RH and a male (1-4 days old) was introduced approximately 2 cm to the side of the
female. All interactions were filmed until either mating occurred, the female dropped off
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the plant, or the male remained motionless for 2 minutes. Any male that exhibited no
movement 5 minutes following introduction was considered as unresponsive and replaced.
All mating behaviour trial videos were analyzed and the behaviour of both males
and females were determined. In the case of males I noted the direction from which he
approached the female, as well as all behaviours expressed prior to and during contact
with the female. Female behaviours associated with acceptance or rejection of the
courting male were recorded. If a male was initially rejected observations were
continued to determine the number of times he subsequently approached the female and
the outcome of mating. All males that made more than four approaches were pooled into
a 4+ category for the purpose of statistical analyses.
Statistical Analyses
Statistical analyses were performed in JMP 4.0 (SAS Institute, Inc., Cary, NC,
USA). The data for time to first approach by the male and for duration of mating (from
the insertion of the male’s aedeagus to the time the male climbed off a female) were
normalized by square root transformation. To determine the effect of female age, three
one-way ANOVAs were performed on the time of first approach, the number of
approaches and the duration of mating, followed by Tukey’s tests. Chi-square tests were
used to determine the effect of female age on mating success, as well as on the proportion
kicking, backing up or running away when approached by a male.
As female age did not have an effect on mating success, the duration of mating or
the proportion of females to kick, back up, and walk away (see results below), the data
for all age groups were subsequently pooled to determine if the expression of calling
behaviour affected different aspects of courtship. However, because female age
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significantly affected the time to first approach by a male, this parameter was analysed
taking into account female age.
2.3 Results
While all females had exhibited calling behaviour in the days prior to testing,
nearly half of those tested in the three age groups (27 out of 60) did not call when used in
the assays. Not surprisingly, the proportion of males coming into contact with females
actively emitting the sex pheromone was higher than for non-calling individuals (85%
versus 41%), and the number of approaches to a calling female were significantly higher
during the assay (Table 2.1). When a male contacted a non-receptive female, the
rejection behaviours (kicking, backing up or walking away) she exhibited were similar
regardless of whether the females were calling or not (data not shown). However, there
was a higher incidence of mating when females were calling (0.57 vs 0.19, x (i,58)=9.44,
p=0.002). However, there was no significant effect of female age on the proportion of
individuals mating in either the non-calling (0.14 vs. 0.43 for females 2-4 and 6-8 days
old, respectively; xV24)=4.28, p=0.118) or calling categories (0.50, 0.46 vs. 0.71 for
females 2-4, 6-8 and 10-12 days old, respectively; x2(2,30)= l-94, p=0.380).
When analysing the effects of age I considered calling and non-calling females
separately. In the case of non-calling females none of the parameters measured were
significantly affected by female age (Table 2.2). In contrast, while age did not affect the
number of rejection behaviours (data not shown), approaches or the duration of mating,
males took significantly less time to approach young calling females than older ones
(Table 2.3).

<n

Table 2.1. The time males took to first approach a female (Mean ± SE), the total number of approaches (Mean ± SE)
and the duration of mating (Mean ± SE) when calling and non-calling Macrosiphum euphorbiae female oviparae
were tested in mating assays.
S ta tis tic a l O u tp u t

F e m a le C a llin g
Y es

No

DF

F

P

T im e to a p p r o a c h fe m a le s 2 -4 d a y s o ld (s e c )

1 1 .0 ± 6 .5 b

1 7 3 .5 ± 6 0 .9 a

1 ,8

6 .4 4

0 .0 3 5

T im e to a p p r o a c h f e m a le s 6 -8 d a y s o ld (s e c )

8 5 .9 ± 1 4 .9 a

1 0 5 .7 ± 7 .7 a

1,12

0 .6 9

0 .4 2 3

T im e to a p p r o a c h f e m a le s 1 0-12 d a y s o ld (s e c )

4 8 .1 ± 9 .8 b

1 7 7 .0 ± 5 4 .6 a

1,14

1 0 .7 8

0 .0 0 5

2 .8 ± 0 .3 a

1.5 ± 0 .3 b

1,58

7.21

0 .0 0 9

2 3 6 4 .8 ± 2 5 4 .7 a

3 2 1 7 .4 ± 9 7 5 .3 a

1,22

1.33

0 .2 6 2

M a tin g p a r a m e te r s

N u m b er o f ap p ro ach es
D u r a tio n o f m a tin g (s e c )

Note: Means followed by the same letter within a row are not significantly different (p<0.05) according to Tukey’s
test. Since female age had an effect on the time taken for males to first approach a calling female, female age was
analyzed separately. For other parameters, female ages were grouped into calling and non-calling. For calling
females, n=33 and for non-calling females, n=27.

i

m
<n

Table 2.2. The effect of female age on the time that Macrosiphum euphorbiae males took to first approach a
non-calling female (Mean ± SE), the total number of approaches (Mean ± SE) and the duration of mating
(Mean ± SE) in mating assays.________________________________________________________________
Statistical output
Female age (days)
2 to 4
10 to 12
DF
F
6 to 8
Mating parameters
P
0.830
105.7 ± 7.7a
177.0 ± 54.6a
2,9
0.19
173.5 ± 60.9a
Time to approach (sec)
0.903
2, 24
0.10
Number of approaches
1.3 ± 0.5a
1.3 ± 0.7a
1.7 ± 0.8a
0.552
3813.7 ± 1651.1a
0.45
Duration of mating (sec) 2323.0 ± 4.0a
1,3
Note: Means followed by the same letter within a row for female age are not significantly different
(p<0.05) according to Tukey’s test. For 2-4, 6-8, and 10-12 days old, n=14, 7, and 6, respectively.

Table 2.3. The effect of female age on the time that Macrosiphum euphorbiae males took to first approach
a calling female (Mean ± SE), the total number of approaches (Mean ± SE) and the duration of mating
(Mean ± SE) in mating assays.
___________ _________________
Statistical output

Female age (days)
Mating parameters
Time to approach (sec)
Number of approaches
Duration of mating (sec)

2 to 4
11.0 ± 6.5b
2.5 ± 0.8a
3565.0 ± 541.7a

6 to 8
85.9 ± 14.9a
2.3 ± 0.4a
1886.7 ± 242.8a

10 to 12
48.1 ± 9.8a
2.7 ± 0.4a
2291.0 ± 378.7a

DF
2,25
2,30
2,16

F
7.05
0.22
2.12

P____
0.004
0.802
0.153

Note: Means followed by the same letter within a row for female age are not significantly different (p<0.05)
according to Tukey’s test. For 2-4, 6-8, and 10-12 days old, n=6, 13, and 14, respectively.
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An ethogramme (Figure 2.1) was developed using only the calling females, and as
none of the steps considered were affected by age, I pooled the three groups. In the
majority of trials, once placed in the test arena, the male would walk randomly over the
leaf surface, actively moving his antennae from side to side. Once a female was detected
his walking behaviour switched from random to directed movement towards the potential
mate. Upon contacting the calling female the male would repeatedly antennate her body
and if she remained immobile he would climb on top of her, from whichever direction he
had approached. Once the male mounted he aligned himself correctly along her body
axis and then curved his abdomen under the posterior extremity of the female to insert his
aedeagus. During copulation, the male sporadically tapped the female’s abdomen with his
mesothoracic legs but there was no evidence that he contacted the female with his
antennae.
Successful matings only occurred during the first approach in 15% of trials
(Figure 2.1). Females exhibited an array of rejection behaviours, deterring males by
either kicking him away with her metathoracic legs, moving backwards a short distance
from the male or walking to another part of the plant as soon as she was antennated. If
the male actually succeeded in mounting an unreceptive female, she would exhibit
pronounced body movements and kick with her legs until she successfully dislodged him.
Males that were unsuccessful during the first bout frequently persisted courting the
female and may have succeeded after several attempts (6%, 15% and 21% of males
successfully mated on 2nd, 3rd, and 4th plus attempts, respectively) (Figure 2.1). However,
some males were unsuccessful despite these repeated attempts, and 43% of all males
tested did not acquire a mate (Figure 2.1).
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N=33
Males on plant
N=32
W

Male approaches
female
N=4

N=28

Did not touch
female

Touch female
N=23

N=5
Female
motionless/
Mating

2nd mating
attempt
N=21

N=2
Female
motionless/
Mating

3rd mating
attempt
N=16

N=5
Female
motionless/
Mating

4+ mating
attempts
N;
Female
motionless/
Mating

No mating
N=14

Figure 2.1. Ethogramme of courtship for Macrosiphum euphoribae when oviparae are
calling. As female age only had an effect on time of first approach (not considered here),
all female ages were grouped to produce this ethogramme. The various behaviours and
successful matings are shown with grey arrows, while all unsuccessful matings are shown
with black arrows.
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2.4 Discussion
The difference in the mating success of calling and non-calling females underlines
the importance of the female sex pheromone as a cue for males that are searching for a
receptive female. However, as many aphid species use the same two components in the
pheromone blend (Dawson et al., 1987; Dawson et al., 1988; Dawson et al., 1990; Hardie
et al., 1990), the ratio may change with age (Hardie et al., 1990; Goldansaz et al., 2004),
and males may respond to a range of ratios (Dawson et al., 1990; Hardie et al., 1990),
pheromones alone would probably not provide a reliable reproductive isolating
mechanism for aphid species living in sympatry. A number of other non-mutually
exclusive factors have been proposed as cues that, in combination with the sex
pheromone, would attain this goal. These include potential male pheromones, speciesspecific courtship behaviours, auditory signals, and physical factors such as colour
(Hardie et al., 1990; Steffan, 1990; Goldansaz et al, 2004).
The idea that species-specific courtship behaviours may be of importance is
supported by the differences in the behaviour of the potato aphid males described here,
and those of Myzus persicae (Doherty and Hales, 2002) and Megoura viciae (Marsh,
1975). Macrosiphum euphorbiae males would sporadically tap the female abdomen with
their legs during alignment following mounting, as well as during the actual copulation.
In the case of the other two species males remain motionless during mating, and only in
M. persicae were males reported to tap the female during the pre-copulatory alignment
process (Marsh, 1975; Doherty and Hales, 2002).
My hypothesis, that mating success would decline with female age, was not
supported. This is in contrast to the findings of Doherty and Hales (2002) on the green
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peach aphid. However, I examined single pairs while in their assay they had five females
with one male. Thus, they introduced an additional factor, that of female-female
competition. It is possible that males are able to discriminate between different aged
females as there is evidence that several parameters related to the female sex pheromone
change with age (Hardie et al., 1990; Goldansaz et al., 2004). Inter-female competition
for a mate could well exist under natural conditions as a gynoparae landing on a suitable
host will produce progeny over several weeks and thus there could be a number of
different aged oviparae simultaneously emitting pheromone on the same plant. My data
would lend support to the possibility that males may respond differently as a function of
female age as males took significantly less time to locate young calling females than
older ones. This has also been demonstrated in some moth species, where males are less
attracted to older than younger females, due to changes in pheromone component titers
(Delisle, 1992; Delisle and Royer, 1994)
The absence of an age effect in my assays may, in part, also be due to small
sample sizes. When planning the experiment I had not expected that such a high
proportion of the test females (> 40%) would not be calling at the time assayed and for
non-calling females only 5/27 mated. Furthermore, while mating success was higher for
calling females (19/33), the numbers in each age category were low.
It has been reported in house crickets (Gray, 1999) that females may become less
choosy as they age. If this were the case for M. euphorbiae, one would expect older
females to be less discriminatory. However, the number of times a male had to approach
a female before he was accepted did not differ significantly with age, nor were there
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significant changes in female rejection behaviours. These results suggest that potato
aphid oviparae are not less choosy as they age.
Females of all ages exhibited rejection behaviours, suggesting high levels of
female choice. Within the context of mate choice theory this high level of choosiness is
not totally unexpected as oviparae have a very limited lifetime reproductive capacity (6.3
± 1.4 eggs; Hurley, 2009) and do not appear to mate more than once (unpublished
observations). Furthermore, in nature the fact that a male managed to locate a suitable
primary host plant may not be a reliable indicator of his quality. Larger insects, generally
considered strong fliers, are able to control their flight direction and when pheromones
play an important role in mating the responding sex (generally males) exhibits clear
amenotactic (upwind) flight towards the source (Marsh et al., 1978; Kennedy et al., 1981).
However, in weak flying species, such as aphids, they are passively dispersed on wind
currents because of their inability to control flight direction once they have taken off
(Dixon, 1973). Under such conditions male quality would probably be of minor
importance when it comes to locating primary host plants. Thus, despite the fact that
Ward et al. (1998) estimated that only 1% of males locate their suitable host plants
females may be confronted with a high degree of variability in the quality of males
courting her. Therefore, if any aspect of male quality influences total egg production
and/or to subsequent survival during the winter there would be a benefit to females if she
could discriminate between mates of differing quality.
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The effect of host plant volatiles and wind speed on the host switching behaviour of
the potato aphid, Macrosiphum euphorbiae

3.1 Introduction
Many aphid species have complex reproductive cycles, reproducing asexually
through parthenogenesis during the summer but in response to decreasing temperatures
and shortening day length, as well as to deteriorating host plant quality, switch to sexual
reproduction in fall (Dixon, 1973). In diecious species (those alternating seasonally
between two host plant species) the migration from their secondary summer host to their
overwintering primary host is undertaken by gynoparae (winged asexual females that
produce the apterous, egg laying oviparae) and males. However, they are very weak
fliers and have very little control over their flight direction (Dixon, 1973). Both morphs
may use host plant volatiles to locate the primary hosts, as reported for other aphid
species (Campbell et al., 1990; Lilley and Hardie, 1996; Losel et al., 1996). Furthermore,
female sex pheromones serve in the location of potential mates (Campbell et al., 1990;
Losel et al., 1996; Boo et al., 2000). Hurley et al. (submitted) reported that both
gynoparae and males showed a significantly higher response to volatiles from Rosa
rugosa (rose) cuttings than to those from Solatium tuberosum (potato, their secondary
host) in a wind tunnel assay.
Wind velocity can modify the plume structure and concentration of infochemicals
(Murlis et al., 1992), as well as the calling behaviour of insects (Kaae and Shorey, 1972).
In the case of aphids Goldansaz and McNeil (2006) demonstrated that female calling
behaviour of potato aphid oviparae decreases with increasing wind velocity and was
inhibited at speeds greater than 4 m/s. Furthermore, in the cases of weak flying insects
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such as aphids, wind velocity will affect the proportion of individuals reaching the source.
For example, wind speeds above 2 m/s inhibited the flight of male aphids (Kennedy,
1990; Goldansaz and McNeil, 2006), and under field conditions male potato aphids only
exhibited upward flights when there were lulls in wind speed (Goldansaz and McNeil,
2006). It has been proposed that males may use walking behaviour when searching for
potential mates when wind speeds are too high for controlled flight.
There has, however, been little work examining the effects of wind velocity on the
ability of a male to respond to primary host plant volatiles and to locate a potential mate.
Therefore, in a wind tunnel walking bioassay using the potato aphid (Macrosiphum
euphorbiae), I tested the hypothesis that increasing wind velocity would result in
decreased upwind responses of males. I also tested the hypothesis that as wind speed
increased male upwind responses would be lower when the primary host plant was the
only olfactory cue than when it was combined with female sex pheromone.
3.2 Materials and Methods
Insects
Macrosiphum euphorbiae used in this experiment were from a colony initially
established with individuals from potato fields near Quebec City, Canada. Colonies were
maintained on potato seedlings, Solanum tuberosum c.v. Norland, at 21 ± 1°C, 60 ± 10%
relative humidity (RH) under a 16L: 8D photoperiod to ensure continuous asexual
reproduction. New plants were provided twice a week.
Sexual morphs were obtained by rearing apterous aphids in individual plastic
cages (5 cm x 9 cm) at 18 ± 1 °C, 60 ± 10% RH under 12L: 12D photoperiod. Early
instar nymphs were sorted by sex and reared separately to ensure that females were
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virgins and that males were not exposed to the sex pheromone. Each day, oviparae and
males were collected and held in separate cages to ensure they were of known age when
used in different experiments.
Bioassays
All assays were conducted in a laminar airflow wind tunnel (140.8 cm long x 64.8
cm wide x 64.8 cm high) located in an environmental chamber at 21 ± 1°C and 60 ±10%
RH (Hurley, 2009). Males were tested to the odour of Rosa rugosa (rose) sprigs in wind
speeds from 0-4 m/s (at 0.5 m/s increments) with four replicates (12 individuals per
replicate) at each wind speed. All assays were conducted during the 3rd to 6th hour of
photophase, the period of maximum calling activity by females under controlled
laboratory conditions (Goldansaz and McNeil, 2003).
A rose plant sprig (10 cm in height) was placed on a platform located 20 cm
upwind of a second platform. As previous studies have shown that males generally do
not fly upwind to a pheromone source in a wind tunnel (Goldansaz and McNeil, 2006),
the platforms were connected by a string bridge, and aphids were released at the 10 cm
mid-point so that individuals could move up or down wind. Individuals were given 180
seconds to respond to the test stimulus; the movement of each individual and the
proportion that reached the source, as well as time taken to reach the host plant, was
recorded. Individuals were only used once and a new host plant sprig was used for each
replicate.
I compared the response of males to R. rugosa sprigs alone or in combination
with the female sex pheromone. At wind speeds 0-1 m/s, the pheromone source was a 68 day old virgin oviparae exhibiting overt calling behaviour, the abdomen and hind legs
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were raised off of the plant. However, at wind speeds >1 m/s the movement of the plant
sprig often caused oviparae to stop calling. Therefore, at higher wind speeds I used a 3:1
synthetic blend of nepetalactol (3 ul) and nepetalactone (1 ul), similar to the pheromone
emitted by 6-8 day old oviparae (Goldansaz et al., 2004). The synthetic sex pheromone
blend was applied to a 5 cm diameter filter paper replaced every 15 minutes. The
response of 1-3 day old males to either a 6-8 day calling female or the synthetic sex
pheromone at wind speed 1 m/s (3 replicates of 12 individuals) was compared to ensure
the synthetic pheromone produced results comparable to a female.
In all assays at each wind speed I determined the proportion of individuals that
reached the source and the time it took them to do so. In addition, I determined the
proportion of individuals that were able to walk set distances upwind (grouped into 2 cm
increments) at wind speeds from 1.5 to 4 m/s.
Statistics
Statistical analyses were performed in JMP 4.0 (SAS Institute, Inc., Cary, NC,
USA). All proportion data were first transformed using an arcsin root transformation and
then were analyzed using ANCOVAs.
When comparing the upwind response of males to a calling female and a synthetic
sex pheromone lure, the proportion data was first transformed using an arcsin root
transfonnation and then data was analyzed using a one-way ANOVA.
3.3 Results
The proportion of males reaching a rose with a calling female did not differ
significantly from the proportion reaching a rose with sex pheromone at wind speed 1 m/s
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(F(i,4)=0.022 , p=0.890). There was also no significant difference between the time taken
for males to reach either odour source (F(i,4)=0.023 , p=0.886).
While there was no significant effect of wind speed on the proportion of males
reaching a given odour source at wind velocities between 0-1 m/s, significantly more
individuals responded to the combination of the rose volatiles and a calling female than to
rose alone (Table 3.1, Figure 3.1). However, the time that responding males took to
reach the source did not differ between odour sources or between wind speeds 0-1 m/s
(Table 3.2, Figure 3.2). At wind speeds between 1.5 and 4 m/s there was a significant
effect on male responses to different odour sources, with the proportion reaching the
source declining as wind velocity increased (Table 3.1, Figure 3.3). As seen at the lower
wind speeds, males responded significantly more to the combined plant-pheromone blend
than to the plant alone (Table 3.1, Figure 3.3). At the highest wind speed of 4 m/s, only
males responding to a rose with sex pheromone successfully reached the odour source.
There was also a significant increase in the time taken by successful males to reach the
source as wind speed increased, but the response to either rose and rose plus pheromone
did not differ significantly (Table 3.2, Figure 3.4).
It is clear that the overall upwind progress that males made to an odour source
decreased significantly as wind speed increased (Table 3.3, Figure 3.5, 3.6). Males
responding to a rose with sex pheromone walked further distances upwind at higher wind
speeds in comparison to males only responding to a rose.
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Table 3.1. The statistical output of an ANCOVA on the proportion of Macrosiphum
euphorbiae males to reach an odour source under various wind speeds in a wind tunnel
bioassay.
DF

F

P

W in d

1,20
1,20

33.49
4.08

<0.001
0.057

O d o u r s o u r c e x w in d

1,20

0.586

0.453

1.44
1.44
1.44

32.60
107.58
1.60

<0.001
<0.001
0.212

P ro p o r tio n o f m ales to reach (w in d 0-1 m /s)
O d o u r so u rce

P ro p o r tio n o f m a les to reach (w in d 1.5-4 m /s)
O d o u r so u rce
W in d
O d o u r s o u r c e x w in d

Table 3.2. T h e sta tistic a l o u tp u t o f an ANCOVA o n th e tim e ta k e n fo r Macrosiphum
euphorbiae m a le s to re a c h an o d o u r so u rc e u n d e r v a rio u s w in d s p e e d s in a w in d tu n n el
b io a s s a y .
DF

F

P

W in d

1.19
1, 19

0.10
3.07

0.750
0.096

O d o u r s o u r c e x w in d

1.19

0.281

0.602

O d o u r so u rce

1.32

0.16

0.692

W in d

1.32
1.32

32.81
0.05

<0.001
0.817

T im e fo r m a le s to rea ch (w in d 0-1 m /s)
O d o u r so u rce

T im e fo r m a les to rea ch (w in d 1 .5 -4 m /s)

O d o u r s o u r c e x w in d

Table 3.3. T h e s ta tistic a l o u tp u t o f an ANCOVA o n th e p ro p o rtio n o f Macrosiphum
euphorbiae m a le s th a t w e re a b le to w a lk se t d ista n c e s u p w in d to w a rd s an o d o u r so u rc e
u n d e r v a rio u s w in d sp e e d s in a w in d tu n n e l b io a ssa y .
DF

F

P

D is ta n c e

5, 108
1, 108

38.55
71.78

<0.001
<0.001

W in d x d is ta n c e

5, 108

0.55

0.739

5, 108
1, 108
5, 108

38.63
44.64
0.98

<0.001
<0.001
0.431

P r o p o r tio n o f m a les to m ove u p w in d to a rose
W in d

P ro p o r tio n o f m a les to m o v e u p w in d to a rose + sex p h e r o m o n e
W in d
D is ta n c e
W in d x d is ta n c e
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Figure 3.1. The proportion (Mean ± SE) of Macrosiphum euphorbiae males to reach a
rose cutting or a rose cutting with a calling female under a range of wind speeds between
0 and 1 m/s (n=4 replicates of 12 individuals) in a wind tunnel bioassay.

Figure 3.2. The time taken (Mean ± SE) for Macrosiphum euphorbiae males to reach a
rose cutting and rose cutting with a calling female under a range of wind speeds between
0 and 1 m/s (n=4 replicates of 12 individuals) in a wind tunnel bioassay.
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Figure 3.3. The proportion (Mean ± SE) of Macrosiphum euphorbiae males to reach a
rose cutting or a rose cutting with sex pheromone under a range of wind speeds between
1.5 and 4 m/s (n=4 replicates of 12 individuals) in a wind tunnel bioassay.

Figure 3.4. The time taken (Mean ± SE) for Macrosiphum euphorbiae males to reach a
rose cutting or a rose cutting with sex pheromone under a range of wind speeds between
1.5 and 4 m/s (n=4 replicates of 12 individuals) in a wind tunnel bioassay. There were no
males reaching a rose alone at wind speed 4 m/s and thus there is no time for this value.
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Figure 3.5. The proportion (Mean ± SE) of Macrosiphum euphorbiae males that were
able to walk set distances (cm) upwind to a rose cutting (n=4 replicates of 12 individuals)
under a range of wind speeds between 1.5 and 4 m/s in a wind tunnel bioassay.

able to walk set distances (cm) upwind to a rose cutting with sex pheromone (n=4
replicates of 12 individuals) under a range of wind speeds between 1.5 and 4 m/s in a
wind tunnel bioassay.

42

3.4 Discussion
The initiation (Dixon and Mercer, 1983) and termination (Thomas et al., 1977) of
flight by aphids are active decisions. However, as they are very weak fliers once aloft
their flight direction is largely determined by wind currents (Kring, 1972; Dixon, 1973).
So unlike strong flying insects, such as a male moth responding to a calling female
(Marsh et al., 1978; Kennedy et al., 1981), they will generally not show directed upwind
flight towards an odour source (Dixon, 1973). Once in flight they must encounter cues
that stimulate the active landing process. It is thought that aphids do this by using parts
of the long wave length light spectrum reflected from both the ground and vegetation
(Dixon, 1973; Hardie, 1989), together with the specific blend of volatiles rising upwards
on thermals from their host plants (Chapman et al., 1981; Nottingham and Hardie, 1993;
Powell and Hardie, 2001; Webster et al., 2010). Consequently, the ability of an aphid to
locate its specific host plant will, in large part, be determined by local abundance (Powell
and Hardie, 2001), as high densities of hosts would provide stronger sources of olfactory
cues to initiate the landing process. Even so, it has been estimated that only 1% of aphids
actually reach suitable host plants (Ward et al., 1998).
It has been proposed that males being carried in the air currents would be more
likely to detect the volatiles from a suitable primary host source (large plant) than the sex
pheromone emitted by a calling virgin oviparous female (organism < 4 mm) because of
the differences in relative concentration (Hurley et al., submitted). Our results provide
evidence in support of this hypothesis as potato aphid males respond to rose volatiles, as
reported for Phorodon humuli (Campbell et al., 1990), and Rhopalosiphum padi (Park et
al., 2000). However, this is not the case in all species as males of Aphis fahae (Thieme
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and Dixon, 1996), Cryptomyzus galeopsidis (Guldemond et al., 1993), P. humuli (Losel
et al., 1996) and Sitobion fragariae (Lilley and Hardie, 1996) do not respond to the
odours of their respective primary host plants.
Hurley et al. (submitted) postulated that once a male was on the primary host then
the female sex pheromone (which probably only travels small distances; Pettersson,
1971; Goldansaz et al., 2004) would be used by males as a short distance cue to locate
potential mates. Furthermore, they would generally forage by walking on the host rather
than flying (Goldansaz et al., 2004; Goldansaz and McNeil, 2006; Hurley et al.,
submitted).
Hurley et al. (submitted) found in a wind tunnel bioassay that both gynoparae and
males of Macrosiphum euphorbiae showed a significantly higher preference for the
volatiles from rose, the primary (overwintering) host than from the secondary host plant
volatiles, potato, on which they were developed. This provided support to the hypothesis
that both winged morphs, which are of crucial importance in migration from secondary to
primary hosts and sexual reproduction in this species, detect and utilise primary host
plant cues. This conclusion was supported by the findings of the current study as I also
found that both males and gynoparae (data not shown) had a high upwind response to the
primary host volatiles
Interestingly Hurley et al. (submitted), working at a fixed wind speed of 0.5 m/s,
had a very high upwind response of males to rose volatiles alone and consequently while
the addition of the pheromone increased responses, the difference was not significant. In
my study I found that the addition of the sex pheromone did significantly increase the
proportions of males that reached the source as the response to rose alone was lower.
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One possible explanation for this discrepancy could be the actual quality of the rose
clippings used. My study was carried out over a longer time period and thus seasonal
changes in natural light conditions (even though rearings were done in the green house
with artificial lighting) may have changed the volatile profiles in some way. This
possibility needs to be investigated with additional studies.
If, as postulated, males use the sex pheromone from oviparae as cues once they
have arrived on the primary host then prevailing wind conditions could have a major
impact on foraging behaviour. Not only would it affect the dispersal of the odour plumes
but also on the ability of the males to walk upwind to the source for, as shown by
Goldansaz and McNeil (2006), wind speed can impact on both the emission of
pheromone by females as well as the male response to it. Our results suggest this would
be the case. For example, with respect to plume dispersal one notes an increase in the
response of males to rose volatiles as the wind velocity increases from 0-1 m/s, probably
due to a higher number of molecules hitting the antennal receptors in a given time period
(Elkinton and Cardé, 1984; Marchand and McNeil, 2000). However, as wind speeds
increase from 1.5 to 4 m/s there is a significant decrease in both the proportion of males
reaching the rose and the distance they walked upwind, as well as an increase in the time
taken for successful individuals to reach the source, which supports our hypothesis. This
latter data set parallels the inhibition of flight activity reported for the small, weak flying
insects (Fink and Vólkl, 1995; Messing et al., 1997; Marchand and McNeil, 2000;
Goldansaz and McNeil, 2006). Thus, even if a male is able to locate a suitable host plant
once he landed the prevailing weather conditions could markedly influence his chances of
locating a receptive female.
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At higher wind speeds, I found that a higher proportion of males walked further
upwind and reached the rose cutting with sex pheromone than the rose alone. These
findings support my hypothesis. It is not overly surprising given there are trade-offs
between undertaking a risky behaviour and the probability of acquiring at mate. In my
case, walking upwind at high wind speeds would not only be energetically costly but
increases the probability of being blown away from the rose plant (McClure and McNeil,
2009). However, a male would be more likely to take a risk in the presence of a reliable
cue (the pheromone) that a potential mate is available. This has been shown for other
insects (Acharya and McNeil, 1998; Svensson et al., 2004); for example, more male
moths flew upwind towards a high quality pheromone source in the presence of auditory
cues indicating the presence of a predator than when the pheromone source was of lower
quality (Svensson et al., 2004).
At the higher wind speeds I used a synthetic pheromone lure rather than a calling
female but I do not believe that the decline in upwind response at wind speeds above 2
m/s was affected by the type of lure, as an independent test showed no significant
differences in upwind response or time to reach the source (see results). Furthermore, the
responses observed with the synthetic pheromone lure were the same at both 1 and 1.5
m/s.
As noted earlier, aphid flight is passive and mostly determined by wind currents
(Dixon, 1973) and therefore, the fact that males actually reached the primary host plant
may not be a good indication of their quality. I showed there was clear evidence of
female choice in the mating bioassays where males were placed on the rose beside the
female. Thus, if males that walk upwind towards a calling female at higher wind speeds
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are of superior quality, then one might expect them to be rejected less often by females.
Future studies should be conducted to determine if males that successfully reach the host
at higher wind speeds are able to acquire a mate more easily than non-successful males.
The fact that males are able to detect and respond to the volatiles of primary host
plants may also play an important role in the reproductive isolation of sympatric aphid
species. The sex pheromone of many aphid species is composed of the same two
components, nepetalactol and nepetalactone (Dawson et al., 1988; Dawson et al., 1990;
Hardie et al., 1990). It has been proposed that specific communication channels could be
obtained by having different ratios of the two components (Guldemond et al., 1993;
Thieme and Dixon, 1996). For example Aphis fabae has a 1:29 ratio of nepetalactol:
nepetalatone (Pickett et al., 1992) while Cryptomyzus spp. has 30:1 (Guldemond et al.,
1993). However, the pheromone of some aphid species, such as Brevicoryne brassicae
(Gabrys et al., 1997) and Sitobion fragariae (Hardie et al., 1992), only contains
nepetalactone which would not provide a reliable species-specific signal (Goldansaz et al.,
2004). Furthermore, the ratio of the two compounds emitted may change as a function of
female age (Hardie et al., 1990; Goldansaz et al., 2004) and males respond to a range of
ratios (Dawson et al., 1990; Hardie et al., 1990, Goldansaz et al., 2004). Therefore, the
higher response to host plant volatiles in combination with sex pheromone that I observed
could be seen as support for the hypothesis that the two odours combined provide a
unique signal for each species (Guldemond et al., 1993) and help in reproductive
isolation of species (Guldemond et al., 1993; Landolt and Phillips, 1997).
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4.0 General Discussion
The data generated in my thesis have expanded our current understanding about
certain fundamental aspects of aphid reproductive biology. Furthermore, it has raised
questions that should be addressed in order to clarify the importance of different cues in
reproductive isolation of aphids, as well as the effective use of host plant volatiles and
sex pheromones in IPM programs.
I examined the courtship behaviours of Macrosiphum euphorbiae when young
males were placed with different aged females that were either emitting a sex pheromone
or not. In all cases, males would randomly move across the leaf surface, waving their
antennae from side to side. In the case of non-calling females, encounters occurred by
chance, while in the case of calling females it was evident that males switched to an
oriented behaviour once a pheromone source was encountered. Once close to the females,
the male would touch her with his antenna and if he was not rejected he would mount the
female and orient himself correctly for copulation. During this period, as well as
throughout mating, he would sporadically tap the female with his fore and hind legs. This
is different than the behaviours observed for Myzus persicae (Doherty and Hales, 2002)
and Megoura viciae (Marsh, 1975). In the former males only tapped the female while
aligning their bodies while in the latter no tapping was reported at any time. These
findings would support the hypothesis that differences in species-specific mating
behaviours may serve as a component for reproductive isolation in aphids. Obviously a
comparative study of more species would help elucidate the importance of courtship
behaviour as reproductive isolating mechanisms.
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I found that males and gynoparae (data not shown) showed a significant upwind
response to primary host plant volatiles, lending support to the hypothesis that the ability
to respond to the odours of primary hosts could play a significant role in the switching
from the summer to overwintering hosts by both morphs. Since aphids are very weak
flying insects (Dixon, 1973) and have little ability to undertake directed flight once they
have taken off, dispersal is passive. However, initiating landing behaviour when
detecting primary host plant volatiles would ensure that gynoparae locate suitable
oviposition sites and that males would be in suitable habitats most likely to contain
receptive females. To what extent prevailing wind speeds influence the ability of either
gynoparae or males to successfully land on the detected odour source remains to be
determined.
The sex pheromone of many aphid species is composed of the same two
components, with ratios differing among species (Dawson et al., 1988; Dawson et al.,
1990; Hardie et al., 1990). Originally it was thought that interspecific ratios (Guldemond
et al., 1993; Thieme and Dixon, 1996) and specific temporal pheromone release windows
(Marsh, 1972; Eisenbach and Mittler, 1980) would provide species-specific cues.
However males respond to a range of ratios (Dawson et al., 1990; Hardie et al., 1990)
which change as females age (Hardie et al., 1990; Goldansaz et al., 2004), so ratios alone
would not be the best cue. It has also been proposed that host plant volatiles along with
sex pheromone ratios, physical factors, auditory signals, potential male pheromones and
species-specific courtship behaviours may all help to provide species-specific cues for
reproductive isolation (Hardie et al., 1990; Steffan, 1990; Guldemond et al., 1993;
Goldansaz et al., 2004).
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The positive responses to primary host plant volatiles could also play a role in the
reproductive isolation of sympatric aphid species, especially when plant volatiles together
with sex pheromone would be more likely to provide a unique blend (Guldemond et al.,
1993; Landolt and Phillips, 1997). However, some studies found no response to host
plant volatiles by the morphs involved in seasonal host switching (Guldemond et al.,
1993; Losel et al., 1996; Thieme and Dixon, 1996), and thus more comparative studies
are needed to determine why host plants appear to be important for some species and not
for others.
It has been proposed that aphid sex pheromone can only travel small distances
(Pettersson, 1971; Goldansaz et al., 2004) and thus it only serves as a cue once the male
has landed on a suitable host plant (Dawson et al., 1990; Goldansaz et al., 2004). Males
placed on a primary host plant initially walked over the leaf surface randomly, and only
exhibited oriented behaviour when they detected the female sex pheromone. The fact
that this oriented behaviour was not exhibited by males in the presence of non-calling
females, underlines the importance of the pheromone as a cue for males searching for
mates. However, both the emission of the female sex pheromone, as well as the male
response to the source, are affected by wind speed (my results; Goldansaz and McNeil,
2006) so prevailing wind conditions could significantly influence mating success of both
sexes. The presence of low wind currents would ensure that the chemical message is
effectively carried away from the source, and the increased responsiveness of males
observed at wind speeds below 2 m/s support this idea. However, wind speeds above 2
m/s greatly inhibited the upwind movement of male aphids (my results; Kennedy, 1990;
Goldansaz and McNeil, 2006) and similar trends have been reported for flies (Aluja and
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Prokopy, 1992), and parasitoids (Messing et al., 1997). The fact that a higher proportion
of individuals responded to the combined volatiles from a rose plant with sex pheromone
than to the primary host plant alone at the different wind speed suggest that male aphids
assess both risks and benefits when foraging for mates.
It is clear from the mating behaviour observed in my research (Chapter 2) that
females are quite choosy and it is possible that the ability to move upwind to a
pheromone source at higher wind speeds may be related to male quality. I had initially
planned to examine the effects of male size on upwind movement to an odour source
under different wind conditions and mating success, as previous work has shown male
size is an important parameter affecting mating success in grasshoppers (Kosal and
Niedzlek-Feaver, 1997) and stink bugs (Himuro et al., 2006). Furthermore, the size of
male appendages, which are used extensively during courtship affect male mating success
in waterstriders (Weigensberg and Fairbairn, 1996). Unfortunately, my entire stock of
potatoes was inadvertently thrown out by someone cleaning the cold room so I was
unable to conduct these experiments that were scheduled from November, 2010 to March,
2011. Thus, additional experiments will have to be carried out to determine the
parameters that influence the ability of males to respond to odour cues at varying wind
speeds and if higher quality males are more successful that lower quality ones.
Gynoparae in some species are attracted to the sex pheromone of oviparae and
thus the sex pheromone may also be considered as an aggregation pheromone (Hardie et
al., 1996; Losel et al., 1996). The benefits of gynoparae selecting to leave her progeny at
sites where there are already oviparae could be (i) related to the quality of the site as food,
and/or (ii) by having many receptive females at the same location would increase the
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strength of the pheromone plume and thus attract more males to the site (Hardie et al.,
1996). However, this may also result in competition among females especially if the
number of males reaching the host plant is limited. Thus, additional experiments need to
be carried out to determine the life time mating potential of males and the effect male
previous mating history has on female reproductive success.
Unfortunately, as noted before, aphid reproductive biology has not garnered much
attention as these events occur outside of the seasonal window when aphids cause
considerable damage to crops. I believe additional studies on the reproductive biology of
aphids would be worthwhile. Data generated on somewhat unusual mating systems could
not only contribute to our basic knowledge of mate choice and reproductive isolation, it
could offer new openings for the management of these serious economic pests. For
example, the results from my thesis (and data on gynoparae not included here) suggest
that if one wishes to develop mass trapping techniques of gynoparae and males to reduce
overwintering populations, the most effective lures should combine the female
pheromone and the important compounds from the primary host plant.
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